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Abstract
The potential role of dystrophin-mediated control of systems integrating mitochondria with ATPases was assessed in
muscle cells. Mitochondrial distribution and function in skinned cardiac and skeletal muscle fibers from dystrophin-deficient
(MDX) and wild-type mice were compared. Laser confocal microscopy revealed disorganized mitochondrial arrays in m.
gastrocnemius in MDX mice, whereas the other muscles appeared normal in this group. Irrespective of muscle type, the
absence of dystrophin had no effect on the maximal capacity of oxidative phosphorylation, nor on coupling between
oxidation and phosphorylation. However, in the myocardium and m. soleus, the coupling of mitochondrial creatine kinase to
adenine nucleotide translocase was attenuated as evidenced by the decreased effect of creatine on the Km for ADP in the
reactions of oxidative phosphorylation. In m. soleus, a low Km for ADP compared to the wild-type counterpart was found,
which implies increased permeability for that nucleotide across the mitochondrial outer membrane. In normal cardiac fibers
35% of the ADP flux generated by ATPases was not accessible to the external pyruvate kinase-phosphoenolpyruvate system,
which suggests the compartmentalized (direct) channeling of that fraction of ADP to mitochondria. Compared to control,
the direct ADP transfer was increased in MDX ventricles. In conclusion, our data indicate that in slow-twitch muscle cells,
the absence of dystrophin is associated with the rearrangement of the intracellular energy and feedback signal transfer
systems between mitochondria and ATPases. As the mechanisms mediated by creatine kinases become ineffective, the role of
diffusion of adenine nucleotides increases due to the higher permeability of the mitochondrial outer membrane for ADP and
enhanced compartmentalization of ADP flux. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The mechanisms exerting control over oxidative
phosphorylation in muscle cells in vivo, i.e., the in-
teraction of mitochondria with surrounding intracel-
lular structures are unclear. According to classical
concepts, the increased cytosolic [ADP] is a main
signal for the stimulation of respiration [1,2]. Never-
theless, new data suggest that this theory cannot be
universally applied. Recently, the dynamic state of
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the permeability of the mitochondrial outer mem-
brane (MOM) for ADP has been revealed; the bar-
rier function of MOM increases signi¢cantly in the
presence of dextrans or albumins added to simulate
the e¡ects of cytosolic proteins [3,4]. Experiments
using saponin-skinned ¢bers have demonstrated
that fast-twitch muscles (e.g. m. gastrocnemius) dis-
play high apparent a⁄nity to ADP (Km = 10^20 WM)
which is comparable to that in isolated mitochon-
dria. In contrast, slow-twitch heart and m. soleus
¢bers exhibit much lower a⁄nity to ADP (Km =
200^400 WM), yet it can be increased (i) under the
in£uence of creatine, (ii) after treatment of the ¢bers
with proteases, and (iii) in conditions of knockout of
the creatine kinase genes [5^9]. Data from 31P-NMR
studies indicate that changes in cellular respiration
are associated with cytosolic ADP £uctuations in
fast-twitch muscle cells, but not in slow-twitch
muscles [10]. These results point to principal di¡er-
ences in the regulation of mitochondria in vitro and
in vivo, and have given rise to speculation on muscle
type-dependent control over cellular respiration in
vivo. Accordingly, in glycolytic fast-twitch ¢bers
the mitochondrial respiration can be e¡ectively ad-
justed by cytoplasmic ADP as its concentration is
changed largely in response to increasing workload
and it may easily pass the porin pores between extra-
and intramitochondrial compartments [6,8,10]. In
oxidative slow-twitch myocytes the permeability of
the porin pores to adenine nucleotides is restricted.
Therefore, integration between the ATPases and mi-
tochondria is ensured by creatine and adenylate ki-
nases which, by functioning as the vectorial shuttles
of the energy-rich phosphate moiety, are able to
stimulate the respiration despite the constancy of cy-
toplasmic [ADP] [4,6,8,11,12].
The nature of the mechanisms limiting access of
ADP to mitochondria in slow-twitch muscles is cur-
rently unclear. Ultrastructural and biochemical stud-
ies demonstrate tight connections between mitochon-
dria and cytoskeletal structures, particularly with
annexin V and desmin [13^15]. Kay et al. [16] have
found that the absence of desmin results in the ap-
pearance of sarcomeres with disorganized structure
and of a mitochondrial population displaying low
a⁄nity to ADP. Probably this population of mito-
chondria has lost control over the di¡usion of ADP
through the MOM. Another line of evidence shows
that mitochondria isolated from dystrophin-de¢cient
muscles exhibit disturbances of oxidative phosphor-
ylation [17^20] while, on the other hand, 31P-NMR
spectroscopy has revealed an increased concentration
of free ADP in the skeletal muscles of Duchenne
muscular dystrophy (DMD) patients [21,22]. These
results can be interpreted as evidence that the cyto-
skeletal proteins such as desmin and dystrophin are
important in governing the mitochondrial function
via modulating the permeability of MOM and in-
creasing the feedback signal by ADP to stimulate
the mitochondria.
The current study addresses further the potential
role of dystrophin in the regulation of the mitochon-
drial function in vivo by using skinned muscle ¢bers
of MDX mice. The advantage of the skinned ¢ber
technique is that it allows the assay of the entire
cellular mitochondrial population in its natural rela-
tionships with other intracellular structures [24]. At-
tention is paid to the controversy between the data
showing either normal capacity of mitochondria to
produce ATP [21,22], or muscle type-dependent al-
terations in oxidative phosphorylation [23]. For the
¢rst time the kinetics of the regulation of respiration
by ADP and the status of the coupling between mi-
tochondrial creatine kinase (mi-CK) and adenine nu-
cleotide translocase (ANT) are characterized in
muscles lacking dystrophin. We provide evidence
that the de¢cit of dystrophin in MDX mouse slow-
twitch muscle is associated with impaired coupling of
mi-CK to oxidative phosphorylation, as well as with
facilitated ADP transfer from ATPases to mitochon-
dria.
2. Materials and methods
2.1. Animals
The 10^11-month-old dystrophin knockout homo-
zygous female mice were produced by Prof. H. Jock-
usch’s group (University of Bielefeld). The animals
were kept, fed and studied in accordance to the
Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (NIH
Publication No. 85-23, revised 1996).
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2.2. Preparation of skinned muscle ¢bers
The mice received 5 units/g b.wt. of heparin intra-
peritoneally and were anesthetized with ethyl ether
thereafter. The skin of the back limbs was quickly
removed, the limbs and heart were excised and
placed into ice-cold saline for fast cooling and re-
moving the blood. Thereafter, thin muscle bundles
(3^4 mm long, about 1 mm in diameter) from heart,
m. soleus, m. extensor digitorum longus and m. gas-
trocnemius were excised in ice-cold solution A, and
using sharp-ended needles the muscle ¢bers were sep-
arated from each other leaving only small areas of
contact. Then the ¢bers were transferred to vessels
with ice-cooled solution A containing 50 Wg of sap-
onin per ml and incubated at mild stirring for 30 min
at 4‡C for complete solubilization of the sarcolemma.
Permeabilized (skinned) ¢bers were then washed
three times in solution B for 10 min by stirring to
remove completely all metabolites, especially the
trace amounts of ADP.
2.3. Imaging of mitochondria in skinned cardiac ¢bers
The cardiac ¢bers were gently stirred in solution A
in the presence of the mitochondrion-selective dye
MitoTracker Red CMXRos (Molecular Probes, Eu-
gene, OR, USA) (200 nM) in the dark for 30 min.
Thereafter the ¢bers were washed three times in the
above-mentioned medium without dye for 15 min by
stirring, to minimize background £uorescence. The
stained ¢bers were incubated in HistoPrep 10% pre-
¢lled bu¡ered 10% formalin solution (Fisher Scien-
ti¢c, Pittsburgh, PA, USA), containing formaldehyde
4%, methyl alcohol 1%, phosphate bu¡er in water,
for 15 min. Thereafter the ¢bers were placed on the
specimen glass and attached to it with a drop of
glycerol-PBS (phosphate-bu¡ered saline) (mixed
1:1), and covered by the cover glass. All procedures
were performed at 20‡C. The mitochondria were vi-
sualized and scanned by MRC 1024 Bio-Rad laser
confocal microscope with the PlanApo 60U/1.40 oil
objective (Japan). The specimen was illuminated by
krypton/argon laser (15 mW) light (568 nm) and the
emitted light signal was ¢ltered by 605DF32 ¢lter
and collected according to the Kalman method using
the Bio-Rad acquisition system.
2.4. Determination of the tissue content of cytochrome
aa3
The tissue content of cytochrome aa3 was assayed
by registering the di¡erence spectra of reduced and
oxidized cytochromes in cardiac homogenates ac-
cording to Fuller et al. [25], using a Perkin-Elmer
Lambda 900 spectrophotometer.
2.5. Respirometric investigation of dependence of
oxidative phosphorylation on ADP
The rates of oxygen uptake were recorded using a
high resolution respirometer (Oroboros Oxygraph,
Paar, Graz, Austria) equipped with a Clark oxygen
electrode in solution B, complemented with 10 mM
pyruvate and 2 mM malate at 25‡C. The concentra-
tion of ADP in the incubation medium was cumula-
tively increased and the Km and VmaxADP values
were calculated from the [ADP] versus respiration
rate (the basal rate of respiration, v0, subtracted)
relationships on the basis of the Michaelis-Menten
equation. The relative decrease in Km values for
ADP under the in£uence of 20 mM creatine, ex-
pressed as the ratio of Km without creatine to that
with creatine (creatine index), was used to measure
the extent of functional coupling between mi-CK and
ANT.
2.6. Determination of the rivalry between
mitochondria and pyruvate
kinase-phosphoenolpyruvate system for ADP
produced in ATPase reactions
Approx. 3 mg of skinned muscle ¢bers were incu-
bated in the spectrophotometric (Perkin-Elmer
Lambda 900) cuvette containing medium B comple-
mented with 5 mM phosphoenolpyruvate (PEP),
20 IU/ml pyruvate kinase (PK), 20 IU/ml lactate de-
hydrogenase (LDH) and 0.24 mM NADH at 25‡C.
The medium was continuously stirred with a mag-
netic stirrer operated by the Variomag Telemodul
(H+P Labortechnic, Germany). The decrease in
NADH in the incubation medium was registered at
340 nm before and after addition of 1 mM MgATP,
as well as after subsequent additions of the substrates
(10 mM glutamate and 2 mM malate) and 98 WM
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atractyloside. Care was taken that neither of the
coupled enzymes (PK nor LDH) was limiting the
rate of the ATPase reaction, the latter being esti-
mated from the stable and linear time-dependent
portions of recordings. The total volume of the re-
action mixture was 1.5 ml. The extent of mitochon-
drial rephosphorylation of the ADP produced in the
ATPase reactions was quanti¢ed as the decrease in
the £ux through the PEP-PK system. In some experi-
ments parallel changes in respiration were registered
in order to demonstrate the coupling between
changes in [NADH] and mitochondrial function
(Fig. 3).
2.7. Determination of creatine kinase activity and
isoenzyme pro¢le
The cardiac tissue frozen at 370‡C was thawed at
0‡C and homogenized in medium containing (in
mM): EGTA 1, dithiothreitol 1, MgCl2, HEPES 5
and 1% Triton X-100 (1:20 w/v), pH 8.7 by an Ultra-
Turrax homogenizer (Janke and Kunkel, Germany)
(13 500 rpm) on ice during 30 s followed by a 1 min
period of keeping the probe on ice. Thereafter the
same cycles were repeated twice, and the homoge-
nates were left on ice for 1 h to allow complete ex-
traction of the creatine kinase. Then the CK activity
was measured spectrophotometrically (Perkin-Elmer
Lambda 900) in the stirred medium containing (in
mM): glucose 20, adenosine monophosphate 20, di-
thiothreitol 0.3, magnesium acetate 3, NADP 1,
ADP 1, Tris-HCl 50, pH 7.4, in the presence of
2 IU/ml hexokinase and 2 IU/ml glucose-6-phos-
phate dehydrogenase, at 25‡C. The aliquot of muscle
homogenate was added, and after stabilizing the op-
tical density at 340 nm, the reaction was started by
addition of 20 mM phosphocreatine and the rate of
NADPH formation was registered. Care was taken
that the creatine kinase reaction occurred linearly in
time, and that the coupled enzyme system was not
limiting the overall reaction rate. The CK isoenzyme
pro¢le was assayed electrophoretically according to
Vannier et al. [26].
2.8. Reagents and solutions
All reagents were purchased from Sigma (St.
Louis, MO, USA) except the enzymes which were
obtained from Serva (Germany). Solution A con-
tained, in mM: CaK2EGTA 2.77, K2EGTA 7.23,
MgCl2 6.56, dithiothreitol (DTT) 0.5, potassium 2-
(N-morpholino)ethanesulfonate (K-MES) 50, imida-
zole 20, taurine 20, Na2ATP 5.3, phosphocreatine 15,
pH 7.1 adjusted at 25‡C. Solution B contained, in
mM: CaK2EGTA 2.77, K2EGTA 7.23, MgCl2
1.38, DTT 0.5, K-MES 100, imidazole 20, taurine
20, K2HPO4 3, and 5 mg/ml bovine serum albumin
(BSA), pH 7.1 at 25‡C. The stock solutions of ATP
or ADP used to add ATP or ADP into solution B
contained MgCl2 (0.8 mol/mol ATP or 0.6 mol/mol
ADP).
2.9. Statistical analysis
One-way ANOVA with Newman-Keuls post hoc
test was used for data analysis. The means þ S.E.M.
are presented.
3. Results
Table 1 shows signi¢cantly increased heart weight
of MDX mice compared to wild-type control mice.
As the body weights of MDX mice also tended to be
increased, the heart to body weight ratios became
identical in both groups. Thus, the absence of dys-
trophin in MDX mice was not associated with the
development of cardiac hypertrophy.
Fig. 1 demonstrates fairly organized mitochondrial
arrays between the myo¢brils in all muscle types of
Table 1
Anatomical data of the MDX and wild-type mice
Type of mouse Body weight (g) Heart weight (mg) Heart/body weight ratio (mg/g)
Wild-type (n = 5) 27 þ 0.6 132.8 þ 7.8 5 þ 0.3
MDX (n = 5) 31.5 þ 2.1 158.7 þ 5.5* 5.1 þ 0.3
The means þ S.E.M. are given. n, number of animals. *P6 0.05 versus wild-type parameter.
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the wild-type mice. The apparent density of mito-
chondria corresponded to the metabolic pro¢le of
the muscles, being the highest in ventricles (oxida-
tive) and lowest in the white ¢bers of m. gastrocne-
mius (glycolytic). In accordance with earlier observa-
tions [27], the mitochondrial distribution appeared
generally normal in MDX mice (Fig. 1B,D,F) except
in m. gastrocnemius (Fig. 1H), where the mitochon-
dria formed thinner and irregular lines compared to
the wild-type counterpart.
Table 2 and Fig. 2 characterize the kinetics of
ADP-stimulated respiration in the absence and pres-
ence of creatine. Irrespective of the presence of crea-
tine, the values of the basal respiration rates (v0, not
shown), the maximal rate of the ADP-dependent res-
piration (VmaxADP) and the acceptor control index
(Vmax/v0, calculated according to Saks et al. [24]),
were similar in every matching muscle type of
MDX and control mice. Likewise, the content of
cytochromes aa3 measured in ventricles of MDX
mice was identical to that in controls (46.23 þ 4.32
and 41.4 þ 8.4 nmoles/g w.wt., respectively). It thus
appeared that lack of dystrophin had no e¡ect on the
maximal capacity of oxidative phosphorylation, nor
on coupling between oxidation and phosphorylation.
Consistently with previous studies, addition of 20
mM creatine to the medium resulted in a decreased
Km for ADP in wild-type ventricles and m. soleus
(Fig. 2). Such an e¡ect of creatine suggests the nor-
mal functional coupling between mi-CK and ANT,
that enables the maximal stimulation of oxidative
phosphorylation despite limited access of ADP via
porin channels in these muscles [8]. In contrast, no
in£uence of creatine on Km for ADP was evident in
glycolytic ¢bers such as m. extensor digitorum longus
and m. gastrocnemius in normal mice. This is ex-
plained by the unrestricted di¡usion of ADP through
the MOM that allows to adjust the state 3 respira-
tion independently of mi-CK in these muscles [8].
Fig. 2 demonstrates the absence of the creatine e¡ect
in glycolytic muscles of the MDX mice as well. How-
ever, in their ventricles and m. soleus creatine sup-
pressed the Km for ADP to a lesser extent, which
resulted in a lower creatine index than in the corre-
sponding muscles of the wild-type mice. Thus, lack
of dystrophin attenuated the control of respiration
by creatine in slow-twitch oxidative muscles. De-
creased activity of mi-CK may be one of the possible
causes for that phenomenon since downregulation of
the expression of sarcomeric mi-CK has been re-
Table 2
Oxidative phosphorylation in skinned muscle ¢bers of MDX and wild-type mice
Type of muscle, parameter of oxidative phosphorylation Type of mouse
Wild MDX
3Cr +Cr 3Cr +Cr
VmaxADP (nmoles O2/min/mg w.wt.)
Heart 6.07 þ 0.28 (7) 5.64 þ 0.63 (7) 5.87 þ 0.51 (6) 6.28 þ 0.40 (7)
M. soleus 2.00 þ 0.21 (5) 1.36 þ 0.09 (5) 1.52 þ 0.23 (5) 1.48 þ 0.19 (5)
M. extensor digitorum longus 1.27 þ 0.05 (5) 1.58 þ 0.06 (5) 1.29 þ 0.09 (5) 1.39 þ 0.08 (5)
M. gastrocnemius 0.79 þ 0.03 (4) 0.81 þ 0.11 (4) 0.67 þ 0.06 (5) 0.63 þ 0.06 (5)
Vmax/v0
Heart 4.93 þ 0.21 (7) 5.51 þ 0.34 (7) 4.97 þ 0.45 (6) 5.58 þ 0.37 (7)
M. soleus 7.83 þ 1.04 (5) 7.91 þ 1.03 (5) 8.34 þ 1.54 (5) 6.73 þ 0.95 (5)
M. extensor digitorum longus 5.37 þ 0.71 (5) 6.38 þ 1.00 (5) 6.09 þ 1.20 (5) 5.99 þ 0.72 (5)
M. gastrocnemius 6.76 þ 0.83 (4) 7.41 þ 0.87 (4) 6.69 þ 1.49 (5) 6.24 þ 0.69 (5)
VmaxADP, maximal rate of ADP-dependent respiration, registered from the [ADP] versus respiration (basal rate before ADP addition,
v0, subtracted) relationship according to the Michaelis-Menten equation. Vmax/v0 represents an acceptor control ratio calculated as
[VmaxADP+v0]/v0 [24]. The number of measurements is indicated in parentheses.
Fig. 1. Laser confocal images of skinned ¢bers from heart (A,B), m. soleus (C,D), m. extensor digitorum longus (E,F) and m. gastroc-
nemius (G,H). The left panels show the muscles from wild-type and the right panels from MDX mice. The bars are given in micro-
meters.
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ported in MDX mice [28]. Therefore, the activities
and isoenzyme pro¢le of creatine kinase were deter-
mined in ventricles (the other tissues were not avail-
able in su⁄cient amounts for the analysis). Table 3
shows that the total creatine kinase activity of dys-
trophin-de¢cient ventricles was similar to that in con-
trol hearts, but the proportion of mi-CK was mark-
edly increased at the expense of decreased BB- and
MB-CK activities. Hence, the altered mitochondrial
response to creatine (Fig. 2) could not be related to
mi-CK activity, and therefore other factors should be
considered (see Section 4).
Fig. 2 also demonstrates another interesting obser-
vation: compared to normal m. soleus the Km for
ADP in the absence of creatine was decreased in
the MDX counterpart. A similar change, suggesting
an enhanced permeability of MOM for ADP, has
been registered earlier in oxidative muscles in condi-
tions of impaired or immature PCr energy transfer
shuttle, as well as in the case of disintegrated sarco-
meric structure due to lack of desmin [6,7,16,29]. It
appears therefore that the absence of dystrophin in
m. soleus promotes the development of the new
muscle phenotype characterized by increased access
of cytoplasmic ADP to mitochondria.
According to a recent hypothesis, mitochondria
and ATPases form compartmentalized and function-
al complexes in which they interact not only via cre-
atine and adenylate kinases, but also by a direct ex-
change of adenine nucleotides [30]. The question
whether direct transfer of ADP to mitochondria is
a¡ected in MDX mice should be answered by ana-
lyzing the competition between mitochondria and the
powerful PEP-PK system (with an activity exceeding
that of total ATPase more than 100 times) for ADP
produced in ATPase reactions (Fig. 3). It can be seen
that addition of MgATP to the polarographic me-
dium caused an activation of the total ATPase,
which due to the presence of magnesium and calcium
ions can be considered the sum of the myo¢brillar
MgATPase and sarcoplasmic reticular CaMgATPase
(Fig. 3A,B). In this phase of the experiment, ADP
was regenerated by the PEP-PK system as indicated
by the high rate of NADH oxidation (Fig. 3B) and
6
Fig. 2. E¡ect of 20 mM creatine on mitochondrial a⁄nity to
ADP (KADPm ). K
ADP
m without creatine/K
ADP
m with creatine = crea-
tine index (gray columns). Cr, in the presence of creatine.
*P6 0.05 compared to KADPm without creatine;
lP6 0.05 com-
pared to KADPm corresponding parameter in wild-type muscle
group; 3P6 0.05 compared to creatine index in wild-type
muscle group.
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the low rate of respiration (Fig. 3C). The following
addition of glutamate and malate caused a rapid
augmentation of the respiration rate to its maximum
level (Fig. 3C), which was associated with immediate
suppression of the ADP £ux through the PK-PEP
system (Fig. 3B). Then the inhibition of respiration
by blocking the ANT with atractyloside (Fig. 3C)
restored the ADP £ux through the PK-PEP exactly
to the levels registered before addition of the sub-
strates (Fig. 3B). This con¢rms that diminished
ADP utilization by the PK-PEP system after addi-
tion of respiratory substrates resulted from the oxi-
dative phosphorylation of ADP in mitochondria.
Analysis of the full set of analogous experiments
showed that after switching on the processes of oxi-
dative phosphorylation the £ux through the PK-PEP
system became inhibited by 35% in wild-type cardiac
¢bers (Fig. 4A). This fraction of total ADP £ux was
compartmentalized in functional complexes and
therefore was not accessible to the PK-PEP system.
Based on the total ATPase activity (3.54 þ 0.24
Wmoles/min/g w.wt.), registered after addition of
1 mM ATP (Fig. 3B), the calculated absolute ADP
£ux taken up by mitochondria was about 1 Wmole/
min/g w.wt. in wild-type muscles (Fig. 4B). Com-
pared to these data, the relative inhibition of ADP
£ux through the PEP-PK system by the mitochon-
drial function was stronger (Fig. 4A) and the total
ATPase activity (7.48+0.55 Wmoles/min/g w.wt.)
higher in dystrophin-de¢cient ventricles. In combina-
tion, these two changes gave a 3-fold increase in
absolute rates of the mitochondrial ADP phosphor-
ylation as compared to the wild-type muscle group
(Fig. 4B). It should be noted that in these experi-
ments the mitochondria were incubated with gluta-
mate and malate because the standard substrate pair,
pyruvate-malate, could not be used in the presence of
the coupled PK-LDH system (Fig. 3). In a special set
of experiments it was found that the values of the
parameters of oxidative phosphorylation in the pres-
ence of glutamate and malate were exactly similar to
those registered with pyruvate and malate in all cor-
responding wild-type and MDX muscles (results not
shown). This means that the observed di¡erences in
mitochondrial function between wild-type and MDX
muscle groups (Fig. 4) cannot be attributed to the
diverse substrate speci¢city of the mitochondrial oxi-
dative processes.
4. Discussion
Although a number of reports have described im-
paired oxidative phosphorylation in dystrophin-de¢-
cient muscle cells [17^20], this study con¢rms the
data [21^23] that imply the normal function of these
processes. Controversy relating to the experimental
MDX mouse model can be attributed to the age-de-
pendent character of dystrophic and regenerative
processes. Myopathic lesions progress to peak degen-
eration at 5^6 weeks, and at this point are charac-
terized by extensive mitochondrial deterioration
[20,31^35]. A regenerative period ensues and is con-
trolled by the fetal myogenetic program [36,37]. Dur-
ing this phase, utrophin expression supersedes dys-
trophin and thereby prevents the progression of
necrotic dystrophy and premature death [36,38,39].
Regeneration is complete at the age of 12^16 weeks
[31], and one may therefore expect normal oxidative
phosphorylation (Table 2 and Fig. 2) in 10^11-
month-old MDX mice. E¡ective mitochondrial syn-
thesis of ATP should be important to ensure a sur-
vival rate of MDX mice comparable to their wild-
type counterparts [40].
Table 3
CK activities and isoenzyme pro¢les in the skinned cardiac ¢bers of MDX and wild-type mice
Type of muscle Total CK activity (Wmoles/min/g w.wt.) Isoenzyme pro¢le (%)
BB MB MM MIT
Wild-type (n = 3^4) 235.3 þ 14.3 6.1 þ 1.1 21.8 þ 1.3 39.1 þ 1.5 33.0 þ 2.7
MDX (n = 5) 206.8 þ 22.6 2.6 þ 0.6* 16.3 þ 2.1* 36.5 þ 1.3 44.4 þ 3.6*
The means þ S.E.M. are given. *P6 0.05 versus wild-type parameter. n, number of hearts used. BB, homodimer of the brain-type crea-
tine kinase; MB, heterodimer of the brain- and muscle-type creatine kinase; MM, homodimer of the muscle-type creatine kinase;
MIT, mitochondrial isoenzyme of creatine kinase.
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We observed that the lack of dystrophin a¡ects the
intracellular energy transfer in slow-twitch muscles.
First, the decrease in the creatine index (Fig. 2) sug-
gests impaired coupling between the mi-CK and
ANT. Mathematical modeling in this case predicts
a reduction in cellular PCr contents together with
accumulation of ADP [9]. This parallels the observa-
tions made by 31P-NMR analysis in humans su¡er-
ing from DMD or Becker muscular dystrophy
(BMD) wherein PCr and ADP contents in muscles
changed reciprocally, the changes enhanced after ex-
ercise and were more prevalent in patients with
Fig. 3. Example of the analysis of rivalry between mitochondria
and the external PK-PEP system for ADP generated in ATPase
reactions (A) by measurements of the PK reaction (B) and res-
piration (C) in skinned cardiac ¢bers of wild-type mice. The ex-
periments were performed at 25‡C in solution B complemented
with 5 mg/ml BSA, 5 mM PEP, 20 IU/ml PK, 20 IU/ml LDH,
and 250 WM NADH. Further additions: ¢bers, 1 mM MgATP,
10 mM glutamate+2 mM malate, and 98 WM atractyloside. The
numbers in parentheses indicate the rate of NADH oxidation
(WM/min) in the presence of 2.6 mg/ml ¢bers (B).
Fig. 4. Comparison of the mitochondrial phosphorylation of
ADP in relative (A) and absolute (B) terms in cardiac ¢bers of
MDX and wild-type mice. The data are obtained from the ex-
periments shown in Fig. 3. The percentage of mitochondrial
phosphorylation of ADP corresponds to the fraction of the to-
tal ADP £ux that is inhibited after switching on the respiration
by adding the substrates. The absolute £ux is a di¡erence be-
tween the rates of ADP phosphorylation by the PK-PEP system
in the absence and presence of glutamate and malate. *P6 0.05
compared to the corresponding parameter in wild-type myocar-
dium.
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DMD than in patients with less advanced BMD
[21,22,41]. A disturbance in the interaction between
mi-CK and ANT may be responsible for the de-
creased e¡ect of creatine on respiration (Fig. 2). At
present the molecular nature of that deviation is not
clear; however, some putative mechanisms are ap-
parent. It has been proposed that the precise molec-
ular stoichiometry between mi-CK and ANT is a
prerequisite for their e¡ective coupling [42,43]. The
expression of the mi-CK gene is decreased without
alterations in ANT expression in the hindlimb
muscles and diaphragm of the 3-month-old MDX
mouse [28]. This ¢nding points to the potential origin
of the impaired interaction between the mi-CK and
ANT, ergo di¡erent regulation of expression of these
two proteins. Tkatchenko et al. [28] suggested that
mitochondrial PCr synthesis may become limited in
3-month-old MDX mice, due to decreased mi-CK
activity vs. unaltered ANT activity. Nevertheless Ta-
ble 3 shows that in the elder animals other factors
must play a role, since the mi-CK activity was ac-
tually increased. Although the mechanism causing
increased mi-CK activity is unclear, it may serve as
an adaptation to chronically insu⁄cient PCr synthe-
sis. If then the expression of creatine kinase is not
matched with an equivalent increase in ANT expres-
sion, perhaps the coupling may be a¡ected. On the
other hand, as muscles of MDX mice exhibit abnor-
mally high rates of oxyradical production [44] that
entails peroxidation of cardiolipin [45], the genera-
tion of these species may be relevant. As ¢xation of
mi-CK to the inner membrane critically depends on
its binding to cardiolipin [46], its peroxidative mod-
ulation may attenuate the coupling of mi-CK to
ANT.
Second, increased a⁄nity of oxidative phosphory-
lation to ADP was registered in m. soleus of MDX
mice (Fig. 2). A similar phenomenon, attributed to
the decreased barrier function of MOM which allows
the mitochondrial respiration to be controlled by cy-
tosolic £uctuations of [ADP], has been observed in
oxidative muscles after genetic or chemical modi¢ca-
tion of the creatine kinase system [7,47] and in car-
diomyocytes of desmin-de¢cient mice [16]. These
facts strongly suggest that the decreased Km for
ADP (Fig. 2), together with increased cellular
[ADP] [21,22], indicate the increased role of the
ADP di¡usion in linking ATPases with mitochondria
in m. soleus in response to the lack of dystrophin. To
ensure the e¡ective ADP di¡usion to ANT, [ADP]
must be higher in the cytosol and lower in the inter-
membranous space. However, high cytosolic [ADP]
decreases the free energy of ATP hydrolysis [48],
whereas low [ADP] near ANT limits the rate of oxi-
dative phosphorylation. Within these constraints, in-
creased permeability of the MOM is bene¢cial as it
confers a decreased ADP concentration gradient [3].
Nevertheless, a shift of high [ADP] to the intermem-
brane compartment may then result in the following.
First, direct activation of respiration may occur,
which may explain creatine’s inability to alter the
Km for ADP (Fig. 2). Second, it may destabilize
the mi-CK forward reaction, which results in abnor-
mally low [PCr] and reduced muscle work, especially
at higher workloads [9]. It follows thus that excessive
entry/deposition of ADP into the intermembranous
space may represent either an independent factor
able to compromise PCr synthesis or it may compli-
cate the in£uence of other factors such as imbalanced
expression of mi-CK and ANT, and/or the oxyrad-
ical defects in mi-CK described above.
Third, our data (Figs. 3 and 4) con¢rm the recent
¢nding [30] that a signi¢cant portion of the total
ADP £ux generated by ATPases is directly trans-
ferred to mitochondria in normal cardiac cells. In
mouse heart it corresponds to 35% of the total
ADP £ux (Fig. 3). The rest of the ADP £ux (65%)
is freely equilibrated with the whole cytosol, and
therefore can be easily trapped by the PEP-PK sys-
tem (Figs. 3 and 4). These results may be explained
by microcompartmentalization of the cell structures
which isolate a part of the mitochondria into the
functional complexes with adjacent ADP producing
systems [30]. Within such a complex, mitochondria
and ATPases can interact via (i) simple di¡usion of
ADP/ATP and/or (ii) by vectorial transfer of the en-
ergy-rich phosphate group aided by adenylate and
creatine kinases, the latter enzymes increasing the
rate of energy channeling [30]. Besides MOM
[6,11,16] the boundaries of these complexes may cre-
ate additional di¡usion constraints for exogenous
ADP which may explain the high Km for ADP in
the heart and possibly in m. soleus (200^300 WM,
Fig. 2) compared to that in isolated mitochondria
[30]. A novel aspect of the current data is that com-
partmentalized ADP transfer to mitochondria in-
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creases in dystrophin-de¢cient cardiac muscle (Figs.
3 and 4). Lack of dystrophin attenuates or stimulates
the expression of a number of the proteins, such as
titin, troponin I, K-tubulin and Rac1, which partic-
ipate in the structural organization of muscle cells
[28]. In addition, it is known that the cytoskeletal
proteins can modulate the function of the contractile
proteins [49], that about 40% of dystrophin is tightly
bound to the contractile apparatus, and that the loss
of that dystrophin fraction is critical for the develop-
ment of cardiac insu⁄ciency [50]. Thus increased mi-
tochondrial uptake of ADP suggests altered cytoskel-
etal control over the function of the complexes
between mitochondria and ATPases. It is possible
that a mechanism develops to ensure an increase in
ATPase activity and channeling of an ADP £ux larg-
er than in normal heart towards mitochondria, there-
by stimulating respiration without decreasing the
permeability of the MOM. This mechanism may be
important in the compensation of the failed function
of mi-CK (Fig. 2) in cardiac cells of MDX mice.
In conclusion, the dystrophin-de¢cient MDX mice
exhibit a special myopathy which is characterized by
normal oxidative phosphorylation with impaired
coupling between the mi-CK and ANT and increased
transfer of ADP from ATPases to mitochondria in
slow-twitch oxidative muscles. As these properties
are associated with defective energy transport they
may constitute a basis for the development of muscle
weakness in patients with DMD or BMD.
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